Abstract-This paper presents an application of a new nature-based optimization algorithm namely Barnacles Mating Optimizer (BMO) to solve the well-known economic dispatch (ED) problem in power system operation. ED is one of the classical optimization problems which draws a lot of attention of power engineers as well as researchers globally in order to obtain the minimum cost of power generation by fulfilling all the constraints and demand. The practical constraints will be considered in this paper such as prohibited operating zones, ramp rate limits and generation operating limits. BMO on the other hand is the new algorithm based on behavior of barnacles seeking for mating. BMO will be adopted in finding the optimal combination of power generation so that the minimum cost can be achieved without violating any constraints. 6-units and 15-units case systems will be utilized to show the effectiveness of BMO compared with other recent algorithms.
I. INTRODUCTION
Economic dispatch (ED) problems with practical constraints is one of the challenging optimization problems to be solved for power engineers and researchers. The problem of ED is to find the optimum power generation that fulfil the demand and constraints to obtain minimum operation cost. Small improvements in power scheduling lead to significant cost savings. Nevertheless, practical ED problem is not an easy task since dealing with the multiple local minimum points in the cost function. Therefore, there are a lot of techniques and algorithms have been applied in ED to save more operating cost.
The application of Artificial Bee Colony (ABC) algorithm into ED problems with ramp-rate limits and prohibited operating zones has been proposed in [1] . ABC can be classified as the swarm intelligence (SI) which mimics the foraging behaviour of swarm of bees. Another well-known SI algorithm that has been proposed to solve ED is Particle Swarm Optimization (PSO) [2] . Discussions regarding the implementation of PSO by [2] show the attraction of PSO in solving ED by researchers which can be found in [3, 4] . Other SI algorithms that have been proposed in literature for solving ED problems are Firefly Algorithm (FA) [5] , Modified Firefly Algorithm (MFA) [6] , Cuckoo Search Algorithm (CSA) [7] , Moth-Flame Optimization (MFO) algorithm [8] and Krill Herd algorithm [9] .
Aside of SI algorithms, one of the well-known natureinspired algorithms classified as evolutionary computation (EC) also have been proposed to solve ED such as Genetic Algorithm (GA) [10] , Differential Evolution (DE) [11] , variant or improved of GA [12] and many more. The implementations of Physic-based or human-based algorithms also have been tried to solve practical ED problem such as Biogeography Based Optimization (BBO) [13, 14] , Teaching-Learning algorithm [15] , Water Cycle algorithm [16] and etc. This paper proposes a new nature inspired optimization algorithm which can be categorized as EC group namely Barnacles Mating Optimizer (BMO) to solve practical ED problems. BMO is inspired by the barnacles mating behavior and adopted the concept of Hardy-Weinberg equilibrium for producing the new off-springs. This paper is organized as follow: Section II states the ED problem formulations followed by the BMO concept in brief in Section III. The implementation of BMO in solving ED problems is presented in Section IV and results and discussion are presented in Section V. Finally, Section VI concludes the paper.
II. ECONOMIC DISPATCH (ED) PROBLEMS

A. Problem formulation
The aim of ED is to find the optimal power generation to be produced by each power producer so that the cost of it can be minimum. This is subject to the power demand as well as the equality and inequality constraints. In addition, the implementation of other practical constraints makes ED one of the toughest power system optimization problems to be solved. The problem formulation of ED is to minimize the summation of cost function, which are expressed as follow:
where n is the number of power generator units, Įi, ȕi and Ȗi are the coefficients of generator i and Pi is the power generation of individual generator i. Equations (1) and (2) are subject to the real power balanced namely equality constraint, which is described as follows:
B. Constraints
where PLoad and PLoss are the total load and the total loss in the system at a particular hour. The losses normally can be obtained using the load flow program. However, due to limited information regarding the transmission system and to simplify the calculation, the B-coefficient method is normally used which can be expressed as follows:
where Bij, B0i and B00 are the B-coefficients.
For inequality constraint, the power generations to be produced must operate within their limits, which can be expressed as follows:
1, 2,...,
where Pi(min) and Pi(max) are the minimum and maximum power operation limits for generator i. To cater the ED problem as close to practical operation, the ramp rate limits of individual generation also will be considered in this study, which is expressed as follows:
where Pi o , URi and DRi are the previous power of unit i, upramp and down-ramp limits of i-th generator respectively. The generators' limits with the ramp rate now is changed as:
In this paper, the prohibited operating zones also will be considered where the condition of cost curve is illustrated in Fig. 1 . The feasible operating zones of some units can be determined as [17] : 
III. BARNACLES MATING OPTIMIZER (BMO)
BMO is inspired by the special properties of barnacles that they are known as hermaphroditic micro-organisms which have male and female reproduction organs and they have long penises to copulate. The way they breed are by normal copulation and sperm-cast mating. The penis of barnacles' search for a partner by random movements within their penis range and release their sperm into their partner's mantle cavity. Sperm-cast mating on the other hand, is occurred when the eggs of barnacles are fertilized by the sperms that released into the seawater. These two processes becoming the inspiration of exploitation and exploration of BMO's development.
A. Initialization
Similar with other nature-based optimization algorithms, BMO is started with the initialization process where the candidates of solution are generated randomly. The evaluation process is done to obtain the initial performance of the candidates followed by the sorting process in order to locate the best solution so far at the top of the population.
B. Selection for mating
In BMO, the selection of two barnacles to be mated is performed randomly subject to the size or length of barnacle's penis, pl. This is the only control variable that need to be tuned to obtain optimal results. Due to hermaphroditic behavior of barnacles, each of them may contribute their sperm and receive sperm from their pair and they can receive sperms form more than one barnacle [18] but to make the algorithm simple, it is assumed that they can only to be fertilized once at the time. If the selection of barnacles to be mated out of range of pl that has been set, the new off-springs are produced by sperm-cast mating.
C. Off-springs generation
By referring to [19] , the new off-springs generation is based on the principle of Hardy-Weinberg equilibrium. The new off-spring, X N_new child generated from the following expressions:
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where p is the normally distributed random numbers, q = (1-p), x N dad and x N mum are the variables of Dad and Mum of barnacles respectively which has been selected for mating, rand () is the random number between 0 to 1 and k is the range of barnacle's penis can be reached for mating. From eqns. (11) and (12), it can be seen that (11) is the exploitation process while (12) is the exploration process. Eqn. (12) shows that only Mum's barnacle involves in producing new off-spring since the sperm-cast mating is assumed to be happened. It is also worth to highlight that the modification has been made for (12) from [19] to control the diversification of the exploration process.
IV. BMO FOR SOLVING ED PROBLEMS
To find the optimal power generation which resulted the minimum cost and fulfil all the constraints, BMO is applied. The optimization process is started by setting the number of barnacles represent the candidate of solution. All the information regarding the cost coefficients, boundaries and constraints are gathered to calculate the cost of the power generation. To calculate the objective function, the following equation is used, where the penalty function is adopted to deal with the equality constraint of power:
where PF is the penalty factor. The flow of BMO application in solving ED problems is shown in Fig. 2 . 
V. RESULTS AND DISCUSSION
To show the feasibility of proposed BMO in solving the practical ED problems, two test systems: 6-and 15-generating unit systems were used. The 6-generating unit system is also known as IEEE 30-bus system which consists of 6 thermal units with 41 transmission lines and the load demand is set to 1263 MW. The cost coefficients and all constraints can be obtained in [6] and the B-loss coefficients can be obtained in [2] . For this simulation, pl is set to half of the number of population of barnacles.
Results of the proposed BMO for this case is presented in Table 1 together with PSO [2] , modified Firefly Algorithm (MFA) [6] and MFO [8] . It can be noted that BMO and MFO gave the close result in terms of total generation cost in $/hr as well as for the line loss computation. It also can be seen that all algorithms gave the close results of generation output and operated within the boundaries as well as able to avoid the prohibited operating zones which was presented in [6] . Further analysis of proposed BMO has been done in terms of number of population of barnacles. Figs. 3 and 4 show the effect of number of barnacles for convergence solution and results of 30 free running simulations respectively. In Fig. 3 , it can be seen that the results of all number of barnacles (barnacles = 10, 20, 30 and 40) converged within 50 iterations. The consistent results for 30 and 40 barnacles was exhibited in Fig. 4 . Thus, it can be said that the selection of 30 barnacles as a population is adequate to produce good results as demonstrated in Table 1 . The feasibility of proposed BMO in solving ED is further tested on 15-generating unit system. Details cost and B-loss coefficients as well as practical constraints can be obtained in [2] . The load demand is set to 2630 MW and pl is set similar with the previous test study. The performance of BMO to solve ED problem for this system with Cuckoo Search Algorithm (CSA) [7] and MFO [8] is tabulated in Table 2 . The results show that BMO able to give similar results with MFO which is $32,687.02/ hr and slightly better compared to CSA. Fig . 5 shows the convergence curve for various number of barnacles as a population. It can be seen that 10 barnacles converged after 120 iterations and others converged less than 60 iterations. Fig. 6 shows the 30 simulations for various selection of barnacle's population for this system. Again, 30 and 40 barnacle's population gave the consistent result throughout 30 runs. It is worth to mention that the results in Table 2 is using 30 barnacles as a population. The application of recent nature inspired algorithm namely Barnacles Mating Optimizer in solving practical economic dispatch problems has been proposed in this paper. The feasibility and effectiveness of proposed BMO was demonstrated on 6-generating and 15-generating unit systems. From the simulations that have been done, it can be seen that BMO outperform most of the other selected algorithms to obtain minimum operation cost and able to obtain close results compared to Moth-Flame Optimization algorithm. The application of BMO in other power system optimization problems will be proposed in the new future.
